The effect of macro and micro porosity on properties of porous Ti-6Al-4V samples fabricated using a solid state space holder method is investigated. Sintering with mixing condition, with and without process control agents (PCA), and sintering conditions, pressure and temperature range of 3060 MPa and 700725°C were performed in order to get different macro pore morphology and micro pore quantity. It is found that macro-pore plays significant role to determine the properties of porous Ti-6Al-4V. Open porosity, Young's modulus and strength are affected by the distribution of the pores. Randomly distributed pores will results in high value of open porosity yet higher Young's modulus. Micro porosity only less affects on the mechanical properties of the porous product.
Introduction
Ti-6Al-4V alloy, developed originally for aerospace applications, nowadays has widely used as materials for medical and dental implants because of its high corrosion resistances, high specific strength and good tissue compatibility. Lately, stress shielding and loosening between bone and implants resulted by mechanical misfit-and the high Young's modulus of the alloy which is about 10 times larger than that of bone has been a big concern.
The implementation of porous metal for biologic fixation implant started in the late 1970s, ever since long-term clinical and basic studies have been performed in several topics, including stability of the mechanical properties, biomechanical function and tissue remodeling under applied biomechanical stress, chemical characteristic and elemental transfer to body system and tissue interaction for long-term implantations. Gibson-Ashby model describe the relation between porosity and mechanical properties of porous product. 1, 2) The mechanical properties of porous product are also affected by pore morphology. In their works of porous PMMA, Zeng et al. 3) shows irregular shape pore gives lower Young's modulus results, while Bin et al. calculated that at the same porosity level the size of the pore will only give insignificant compression behavior to open cell aluminum. 4) Due to its high melting temperature and high reactivity, liquid state processes, such as gas injection molding, 5) vapor deposition, foaming agent in molten metal, 6) are not preferable to produce this porous alloy. 7) Thus, a solid state process is usually chosen as the best alternative. A solid state method using space holder material which allows for simple and accurate control of pore fraction, pore shape and connectivity of porous metal is used in this present research. 8) Many different kind of space holder have been used to produce porous metal using this method, such as polymer, magnesium, 9) sodium chloride, 8) and ammonium hydro carbonate. 10) Solid state space holder method will produce two kind of porosity, macro porosity produced by space holder and micro porosity from the neck growing process between metal powders. Macro pore size between 100800 µm was reported to be effective to promote bone ingrowth process to porous implant. 11, 12) In this method, macro porosity and its cells interconnectivity play important role to produce open porosity, while micro porosity ® usually in the order of a few to a few ten micrometer ® produces closed porosity. Isolated cells or non-interconnected cells can also produces closed porosity.
These two kinds of porosity affect the mechanical properties of porous metal. In this study, the effect of macro, especially its distribution and micro porosities on the properties, i.e., open porosity, density and mechanical properties, of porous Ti-6Al-4V samples will be investigated.
Experimental Procedure

Porous Ti-6Al-4V
Spherical Ti-6Al-4V powder (³45 µm) fabricated by gas atomization and cuboidal shape sodium chloride (³600 µm) with composition shown in Table 1 were used in this study. Fraction of titanium alloys and Sodium chloride powder was fixed to 50 : 50% in volume ratio and 1 mass% and 5 mass% of stearic acid (SA) were added as process control agent (PCA). Although may cause some oxygen and carbon contamination, 1315) there has been no report of reaction between powder and stearic acid for its utilization as process control agent. Stearic acid is also contained non toxic elements. Additionally, Due to its low melting temperature (around 67°C), stearic acid is expected to be melt and fix the powder distribution during mechanical mixing. A specimen made without PCA were also prepared. Mixing was performed using a planetary micro mill machine, (PULVERISETTE 7, FRITSCH). Mixing process was performed in several conditions as described in Table 2 . Sintering process was conducted using a spark plasma sintering machine (SPS 511S, SPS Syntedx) at different temperatures between 700725°C and different pressure between 3060 MPa in a vacuum condition (around 4 5 Pa). Sintered cylindrical samples were cut into bar shape samples, as shown in Fig. 1 with a micro-cutter (Accutom 5, Strueers). In order to make porous product, sodium chloride was dissolved in warm distilled water (around 40°C) using an ultrasonic cleanser machine for 15 min.
Characterizations 2.2.1 Density and open porosity
Density and porosity measurements were conducted by weight difference calculation before and after sodium chloride dissolving process for bar shaped samples. Equations (1) and (2) were used in order to calculate the density and open porosity. Density of the sample was simply defined as the division results of its weight after dissolution to its volume. Open porosity is calculated by dividing the weight of dissolved sodium chloride over the volume of the sample.
Open Porosity ðOPÞ ¼
Macro image and image analyses
Macro images of samples were taken by a digital camera using a macro lens. Image analysis was performed by samples' cross sectional images which are divided into several numbers of 2 mm © 2 mm squares. For each square pore wall thickness, that is the distance between pores, in horizontal direction and pore area were calculated.
Mechanical test
Mechanical test was performed by compression test using a universal testing machine, Autograph AG-IC, Shimadzu. Compression test was performed on 5 © 5 © 8 mm barshaped sample with 0.2 mm/min of cross head movement parallel to sintering pressure direction. Strain was measured using strain gage.
Results and Discussions
Macro porosity effects
Cross sectional image of samples with the same sodium chloride volume fraction after the removal process that are mixed using different process control agent is shown by Fig. 2 . For all the samples, pore shape is obviously mimic the sodium chloride shape but slightly deformed in the vertical axis where pressure was applied during sintering process. Since sodium chloride strength is low, during the sintering process it is obvious that sodium chloride can be deformed or collapsed easily in the direction of pressure applied.
Inhomogeneity in the structure contains some clustering of pores, big dense area and isolated close pore ® namely in homogeneous pore distribution ® was observed in the sample mixed without any process control agent addition ( Fig. 2(a) ). The homogeneity of pore distribution is strongly related with the interconnectivity between the pore that will later produce open porosity number of the sample. In space holder method, homogeneous pore distribution will provide more interconnectivity between the pore lead to more dissolved space holder from the sample and the increase of open porosity number of the sample.
Qualitatively, more homogeneous pore distribution was obtained after adding 5 mass% of stearic acid during mixing process (Fig. 2(c) ). Quantitatively, comparing pore distribution quality of the mixed without process control agent ( Fig. 3 and Table 3 ) with the open porosity produced (Table 4) , we can understand there is relation between pore distribution and the properties of samples. Inhomogeneous pore distribution, which also means inhomogeneous space holder (sodium chloride) distribution ® represented by wide pore area distribution and highest pore area means ® gives low number of open porosity. While sodium chloride used in the mixed powder was fixed at 50 vol%, the open porosity produced only about 30%, and approximately 20% of sodium chloride remained in the samples made without or with 1 mass% stearic acid as PCA. The remaining sodium chloride in the samples without or with 1 mass% stearic acid is resulted from pore disconnectivity due to inhomogeneous pore distribution. The space holder method has been Table 2 Mixing condition of powder.
PCA
Ball considered to be good alternative method to produce porous metal because it allows simple and acurate control of pore fraction, shape and connectivity in titanium. The uneffectivity of sodium chloride utilization as space holder without any process control addition is most likely because of the big weight difference between metal powder and space holder (Sodium chloride). Ti-6Al-4V alloy has density about 4.43 © 10 3 kg/m 3 while sodium chloride density is about 2.165 © 10 3 kg/m 3 . Generally during mixing process using planettary ball mill, because of centrifugal force experienced by the both metal powder and space holder and the collision between the powders and ball mill, the powder mixture can be properly mixed. In this case, ball mill is not used that the collision only happen between the powders. Hence, the centrifugal force experienced by the powders was not able to produce homogeneous powder mixture because of the big weight difference between Ti-6Al-4V powder and sodium chloride powder.
Comparing the pore distribution results with open porosity number, qualitatively and quantitatively, addition of 5 mass% stearic acid gives the best quality of pore distribution and open porosity number. This high value of open porosity will yield low value of Young's modulus. Addition of 1 mass% stearic acid into the mixture ineffectively improve the powder mixture distribution because in such small amount, stearic acid that is most likely exist in semi-solid condition, can not make the whole powder stick to each other. Whereas, increasing the stearic acid addition to 5 mass% into the mixture produce better powder mixture.
Comparing the value of ¦ max-min for each samples ® also related with the distribution of the pore ® to their proof strength, it is shown that the strength is consistently decreased as the value of ¦ max-min decrease. When porous samples is loaded, higher dense area fraction will strengthen the samples, samples with homogeneous distributed pore where there is small different of dense area fraction will give less proof strength value. Additionally, looking into pore wall thickness results (l average ), the results show that the strength increases as the value of l average increases. These two results explain notable strength value between the sample mixed without process control agent and the sample mixed with 1 mass% stearic acid which have nearly the same open porosity but notable strength value different (Tables 3 and 4) . Relation between pore wall thickness and strength is described by Gibson and Ashby as the t i /t increase (Fig. 4) the porous material become stronger. 16) Consequently, from image analysis results of pore distribution and pore wall thickness, it is concluded that pore distribution mostly affects density and Young's Modulus of porous product while pore wall thickness mostly affects samples' strength. This result opposes the result of Cramer et al. that shows overall elastic properties of aluminum alloy 6061-T6 almost insensitive to the actual pore distribution while in contrast samples fracture toughness is strongly affected by the mutual position of individual pores, pore cluster shape and orientation with respect to load direction. The result also shows smaller fracture toughness is yielded from the samples containing pore cluster than those of samples with randomly distributed pores. 17) 
Micro porosity effects
Samples sintered at different sintering condition shows the decrease of observed micro pores (Fig. 5) . At the higher magnification less neck growth between the powders are observed (Fig. 6 ). Less micropores are observed in the sample sintered at 700°C, 60 MPa ( Fig. 6(e) ), compare to the samples that are sintered at 725°C, 40 MPa (Fig. 6(b) ), giving the efficient sintering condition of the samples at 700°C, 60 MPa. In this condition, all the Ti-6Al-4V powders are almost fully unified even in the thin strut as shown in Fig. 6 (e). Increasing sintering temperature until 750°C will cause sodium chloride to melt that it cannot maintain its shape and function as space holder. Mechanical properties, both Young's modulus and strength, of samples sintered in different conditions are shown in Fig. 7 . The numbers shown in the figure indicate the open porosity number for each samples. For the mixed without PCA samples with about 30% open porosity ( Fig. 7(a) ), both Young's modulus and strength increase slightly as the sintering temperature and sintering pressure increase. Mixed with 1 gram melted stearic acid and 5 mass% stearic acid samples sintered at 60 MPa (Fig. 7(b) ) ® with about 40% open porosity ® also gives only a slight increase to the mechanical properties of samples. This result leads into conclusion that increasing sintering temperature and sintering pressure which enhance more neck growth and produce less micro porosity only insignificantly improve the mechanical properties. In porous material, strength and Young's modulus might be less depended or even independent on micro porosity and sintering degree. This result make a good agreement with the model built by Niu et al. in the relation and interaction of macro porosity and micro porosity for predicting elastic properties of porous titanium formed with space holder.
18)
Conclusion
For porous materials rather than micro pore in the size a few till a few ten micrometer, macro pore (100800 µm) plays more significant role to determine their properties. Varying the sintering condition, by increasing sintering temperature and pressure, only result in insignificant increase on the mechanical properties of porous samples. Even though there is micro structural change related to improvement of neck growth and reduction of micro porosity produced in the samples, it is not significant to increase the mechanical properties, implying that strength and Young's modulus might be less depended or even independent on micro porosity. 
